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vAbstract
Toward Wearable Pneumatic Haptic Devices for Microscale Force Feedback
Applications
Athena D. Frazier
Supervising Professor: Dr. Shanchieh Jay Yang
The sense of touch, or the haptic sensory system, is the largest sensory system humans
have, and it is used in numerous ways to allow humans to interact with their environment
and perform tasks. The sense of touch allows humans to manipulate objects effortlessly,
feel the textures of various items, understand where their bodies are in relation to the world,
and obtain a better understanding of the objects with which they interact. As robotic sys-
tems have become more intelligent and capable in recent decades, they have started re-
placing or aiding humans in the performance of a variety of tasks in different fields. The
addition of haptic feedback to systems and devices allows a human user to gain a more
complete understanding of the remote environment they are working in. Several applica-
tions, such as robotic minimally invasive surgery (MIS) and virtual reality gaming, have
drawn interest for integrating haptic or tactile feedback onto remote operating tools. While
both research studies and commercial products have clearly demonstrated the benefits of
adding haptic feedback, many open questions remain for reaching the full potential of hap-
tic feedback. This research focuses on investigating how light-weight, low-cost pneumatic
haptic devices can be deployed on human hands, possibly in multiple locations, to enhance
vi
user comprehension of force feedback. The aim is to enhance the understanding of mi-
croscale pneumatic devices in their potential and limitations as a wearable haptic feedback
system.
This work investigates the design, construction, and testing of a binary pneumatic tactile
display. Pneumatically actuated devices are chosen because they are light-weight, low-cost,
and less-invasive in nature. Arrays of pneumatic balloons of different sizes were designed
and constructed by taking into consideration the ease of the fabrication process and the
effectiveness of feedback when placed on human hands. Human perception experiments
were performed to test the pneumatic balloon arrays to determine the potential of providing
binary haptic feedback. The results showed differences in sensitivity due to the location
where the balloon array is placed as well as the size of the device. In addition, it appears that
the use of multiple balloon arrays placed in different parts of a human hand can improve the
overall effectiveness of the feedback, even if they are not placed on the most sensitive areas.
Lastly, the experiments demonstrated the potential of using multiple pneumatic balloon
arrays to produce identifiable binary patterns.
vii
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1Chapter 1
Introduction
The term “haptic” stems from the Greek word haptesthai which means to grasp or touch;
hence it refers to the sense of touch or the tactile sense [18]. A tactile display is a device typ-
ically consisting of hardware and software, with the ability to provide software controlled,
life-like sensations or a representation for the human tactile system [9]. The current haptic
technology is not able to produce life-like stimuli in all situations, but that does not mean
that the displays are useless in terms of providing some information to a user. Each ad-
vancement in the field of haptics will progress the technology closer to mimicking reality;
until then haptic feedback can supplement other systems (such as visual systems). Current
tactile displays are varied in their designs and their applications, but all work to understand
how humans use their sense of touch, mimic realistic sensations to a user, and attempt to
learn how haptics can be applied to improve the performance of systems.
Haptic systems are those systems that are capable of providing tactile information to a
user based on either simulated values or measured values from sensors in a remote environ-
ment. In order for a haptic system to be effective, the information being provided to the user
needs to be distinguishable, detectable, and useful; also if possible, the sensation should be
natural (some applications allow this more than others). An effective device should also be
2simple to learn (i.e. with a short learning curve) and must be capable of operating within a
reasonable real-world time frame. In order to make a system capable of providing effective
and realistic tactile feedback, the time delay between the measurement of variable to the
presentation of that information to the user should be minimized.
1.1 Motivation
The field of haptics has been steadily growing in the recent decades, partially due to the
assimilation of haptic feedback into commonplace technology. The two most everyday
examples are video game controllers and cell phones. The rumble devices in many video
game controllers provide a tactile alert to a player of something happening in the virtual
world. The addition of vibration to cell phones is a similar concept, providing the means
to indicate silently and tactilely an incoming call to the user. As cell phones continue
to become more complex, companies are incorporating haptic feedback for other more
complex functionality including touch screens.
Researchers have recognized the need to provide additional tactile information to a
human user in situations where humans are operating machines or systems remotely. This
is a natural progression considering how heavily humans rely on their sense of touch in real
environments. The goal of a haptic feedback system would be to add the ability to “feel”
characteristics of a remote environment, whether it be virtual or real.
3As previously stated, haptic technology is being applied to a large variety of applica-
tions. Some examples of popular fields are medicine, human physiology research, human-
robot interaction, and virtual reality. Virtual reality is a very popular area, due to the ben-
efits that haptic feedback can provide in helping a user feel more connected to the remote
environment. For example, Scheibe et al. [27] used haptic feedback to communicate to a
user when their hand came in contact with a virtual object for car usability studies. Using
length changing wires wrapped around the user’s fingertips, subjects were asked to perform
a set of tasks in a virtual car, using the tactile feedback as a guide to when they virtually
touch something.
In the medical field, there have been attempts to provide feedback for virtual surgeon
training software [32]; for prosthetics [6], [13]; for rehabilitation [12], and for robotic
minimally invasive surgery [5], [24], [25], to name a few. One of the most interesting haptic
problems in the medical domain is minimally invasive surgery (MIS). Minimally invasive
surgery aims to perform medical procedures on patients using small incisions, which have
the benefit of reducing the time that a patient has to be in the hospital as well as reducing
pain, the likelihood for disease, and recovery time. Yet MIS has some obvious drawbacks
including reduced field of vision for a surgeon, restricted motion due to limited working
space, little to no tactile feedback, and amplified damage from a doctor’s hand tremors
[24]. This lack of tactile feedback, along with the industry trend toward the utilization of
robotic MIS systems, makes MIS a prime candidate for the addition of haptic feedback.
Although the concept of robotic MIS with haptic feedback is not a new one, (Shimoga and
Khosla [29] outlined the requirements for creating a telepresence environment for surgery
4in 1994), the technology to make it feasible has only started to become available.
1.2 Objective
The objective of this thesis is to consider the physiology of the human hand and then design,
build, and test simplistic, binary, pneumatic tactile feedback devices that can provide haptic
feedback possibly through the utilization of patterns. The pneumatic tactile devices will
consist of arrays of small, plastic bubbles that can be inflated with a controlled air source.
Several different tactile device designs will be considered in the course of this work, and
the process of building these devices is one of the contributions of this work. Although
many tactile feedback devices have been developed previously, this thesis focuses on the
perception of the feedback and a more simplistic approach to providing it. Most of the
previous tactile devices are complicated devices, which are meant for precision tasks on
a user’s fingertips and which typically require long design and fabrication times to ensure
their fidelity. In contrast, the goal of this work is to use a set of simple binary devices, with
a relatively short development time frame, to provide haptic information through patterns
based on an examination of the hand’s physiology.
In order to verify and test the tactile devices, three experiments were performed. The
first experiment determined the significance of a tactile device’s size as well as its location
on a user’s hand on the overall quality of the device. The second experiment investigated
adding a combination of devices in less than optimal locations in hope of improving the
quality of the feedback. The last experiment was aimed at determining the accuracy of
users when distinguishing between seven binary tactile patterns. The human perception
5test results, which were obtained through these experiments, were another contribution of
this work.
This thesis work is a contribution to the long term goal of creating a complete hap-
tic feedback system aimed at providing cutaneous tactile feedback for grasping tasks in
a micro-environment. The intended application is a single user operating a remote micro-
grasper using a master controller glove. Tactile sensors on the micro-grasper would provide
the tactile data that will be displayed back the user through pneumatic tactile devices incor-
porated into the glove. In addition to the tactile feedback, the system would also provide
visualizations to the user to provide a more complete picture of the micro-environment.
The envisioned haptic feedback system with labeled and connected components can been
seen in Figure 1.1.
6Figure 1.1: Block diagram for the future complete tactile feedback system that this work is a small
contribution toward.
7Chapter 2
Literature Review
Current work in the field of haptics is aimed at giving humans a more complete understand-
ing of a remote environment (whether virtual or real). To augment the visual feedback that
is usually already incorporated, tactile information could provide a more complete under-
standing to a human operator in a means that is recognizable and intuitive. When consid-
ering possible extra information to add into a system, the sense of touch seems to be the
most logical choice; the sense of touch gives us the ability to effortlessly pick up objects
and manipulate them without having to check on our hands visually and allows us to un-
derstand what objects look like by determining their temperature, smoothness, texture, and
weight.
One of the reasons why researchers have been attracted to adding haptic feedback to a
variety of systems is the various benefits that it can offer a wide range of applications. The
UCLA research group showed the possibility of improving the commercial da Vinci robot
assisted surgery system [15] as well as improving current prosthetic devices [6]. Another
field that has already determined haptics could benefit its systems is the virtual reality field;
several researchers have already been working on adding a means of providing feedback
from a virtual world to a user [26], [27]. In addition to situations where sensory data is
8added due to a situation’s lack of information, Bjelland, Roed, and Hoff [2] argue that
tactile information can be used to replace that which was lost from mechanical systems
when they are replaced by electrical systems. Their example is the throttle of a Norwegian
Fast Patrol Boat, which lost tactile clues when switched to an electric system.
2.1 Sense of Touch
The human skin is equipped with various types of mechanoreceptors in order to provide a
wide range of about an environment. Some of the major nerve endings are shown below in
Figure 2.1.
Figure 2.1: Human Finger Receptor [14]
There are four major mechanoreceptors responsible for different type of sensing in
the hairless areas of human skin (glabrous skin): Merkel’s disks, Meissner’s corpuscle,
Pacinian corpuscle, and Ruffini’s endings. Merkel’s disks reside in the upper layers of skin
(superficial skin) and have a small, highly localized receptive field. They are responsible
for providing information detecting pressure as well as the texture of objects. On the outer
layers of skin are the Meissner’s corpuscles, which have a very low threshold and highest
9sensitivity leading to their ability to detect light pressures and low frequency vibrations.
On the finger, their sensitivity range is about 2 to 3 mm in diameter, while on the palm
the diameter is widened to 10 mm on average, resulting in the palm’s being less sensitive.
Pacinian corpuscles are rapidly adapting receptors that have a central zone of maximal sen-
sitivity located directly above the receptor, which is very sensitive to vibration. Ruffini
endings are slowly adapting receptors that have a large field with a central zone of maximal
sensitivity. Depending on their location individual Ruffini endings are excited by stretching
of the skin in specific directions [14].
Figure 2.2: A chart of the different responses for the different types of mechanoreceptor nerves [33].
Many researchers have determined that the different mechanoreceptors work collec-
tively to provide the different cutaneous sensations (e.g. rough, soft). Wall and Brew-
ster from the University of Glasgow [33] summarized the characteristics of the different
mechanoreceptors, shown in Figure 2.2. The four mechanoreceptors are listed by type
in reference to the rates at which they fire on their afferent nerve fiber, also called the
mechanoreceptor’s response. RAI (Meissner’s corpuscle) and RAII (Pacinian corpuscle)
from the table refer to rapid adapting mechanoreceptors. SAI (Merkel disk receptors) and
SAII(Ruffini endings) are named so due to their slow response.
The conceptual layer above the physical properties of the human skin is the language
10
Figure 2.3: A flow chart mapping the physical stimuli of touch to a set of factors that humans use to
describe objects [30].
that humans use to describe different haptic stimulus. As stated above the different mechanore-
ceptors are specialized at sensing different types of stimulus and work together to provide
a mental concept of what the person is touching. The human language has many names for
the different types of haptic stimulus, which essentially map to different reactions from the
mechanoreceptors in the skin (i.e. rough, soft, cold, moist, and hard). Shirado and Maeno
in Japan expanded the concept of texture perception in their 1995 work [30], where they
identified and explained how haptic properties of a surface relate to its texture perception.
The model they developed to connect physical properties and specific materials can be seen
in Figure 2.3.
2.2 Tactile Sensors vs. Tactile Display
The two critical aspects of the entire haptic feedback system are the tactile sensors, which
measure tactile information, and the tactile display, which outputs the data meaningfully to
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a human user. When considering the extent of this thesis, it was concluded that designing,
building, and testing both sensor and device would be out of the scope. Further investi-
gation was done into the current research on tactile devices and tactile sensors in order to
narrow the focus of this work, and it was found that tactile sensors are another, completely
separate, research area from the work being done on tactile displays. The tactile sensor is
often considered the limiting factor of many complete haptic systems; the sensors are either
limited by their threshold for change in tactile characteristics or in their ability to be used in
certain applications (i.e. in liquids or in a micro-environment). In addition, tactile sensors
also are the source of much of the delay between a system and the tactile information being
passed to the user. That being said the tactile sensors are very application dependent.
The most common tactile sensors available are force sensors, which are limited by
their footprint and resolution. To determine more interesting tactile characteristics, such as
roughness or smoothness, researchers have approached the problem in a few ways. One
of the first approaches was to monitor the changes in stress using a piezoelectric polymer
transducer as it moved over the features of an object [10]. Another advancement was
made in 1998 when a group of researchers developed a pen device to recognize different
materials and textures [19], which used a microphone to record and analyze the sound
of various materials. More recently, a group developed an opto-tactile sensor that uses
changes in light intensities and geometrical parameters to determine surface characteristics
[20]. The difficulty with all of these sensors is their complexity and their specification to
their particular application. In addition, many of the approaches to tactile sensors would be
hard to scale to the micro-environment, which is the goal environment for this work.
12
In recent years the development of tactile sensors for micro-environments has become
a subject of consideration for multiple research groups. In 2004, one group built a Micro-
Electro-Mechanical Systems (MEMS) device of millimetric size that was designed to mea-
sure small friction and elasticity [28]. More recently, another group developed a MEMS
sensor to determine triaxial force feedback on the tip of a nanomanipulator. Their work
was significant due to the fact that it was capable of detecting forces on such a small scale
as well as its application to intracellular injections for medical applications [31]. Due to
the complexity of building a tactile sensor and the lack of knowledge for devising a sensor
for the micro-environment, it was determined the scope of this thesis would be investigate
a lightweight, pneumatic, binary tactile display to convey force information to a user.
2.3 Haptic Feedback Approaches
Haptic feedback and tactile displays are not a new concept (research dates back to the late
1980s), yet as remote operations and virtual technology have grown, so has the field of
haptics. The tactile haptic devices already developed are wide ranging and are used in a
variety of applications (see Figure 2.4). Haptic feedback has been directed at two different
types of stimuli: force feedback and cutaneous feedback. Force feedback aims to provide
stimuli for the kinematic sense, which is often achieved by limiting the motion of the user
through the use of wires or by applying force to the user’s skin. Cutaneous feedback is
geared more toward the tactile senses. Currently most haptic feedback systems are aimed
at one or the other, yet as stated above humans use both their kinematic sense and their
tactile sense to understand and manipulate the world around them. A complete haptic
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feedback would need to be aimed at providing stimuli for both senses.
The most popular means of feedback in current research generally falls into four cat-
egories: 1.) vibro-tactile 2.) shear/slip 3.) force-feedback, and 4.) pneumatic. The next
few sections describe each type of display and give examples of each. This work focuses
on a pneumatic solution to providing force feedback as a initial step to the eventual goal of
being able to provide a sense of stiffness and softness.
Figure 2.4: A chart that demonstrates the variety of technologies being considered for haptic devices
[22].
2.3.1 Vibro-Tactile Feedback
A common technology that includes the most basic form of vibro-feedback is the video
game controller that “rumbles” to alert the player of a change in the environment (such as
being attacked). Since this development, the use of vibro-tactile feedback has expanded to
many different applications, as well as different means that vibration is presented to a user.
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Kapur, Premakumar, and Jax from the University of Pennsylvania [12] are applying vibro-
tactile feedback in their rehabilitation of stroke victims; combined with graphical feedback,
vibro-cues are provided to guide a stroke victim through repetitive exercises.
Another group from the Italian Institute of Technology [23] worked to develop a sys-
tem to improve accuracy and speed in which users could perform pointing tasks, using
two forms of vibro-tactile information: continuous and frequency modulation based vibro-
tactile (FMBV) feedback. FMBV feedback differers from continuous vibro-tactile feed-
back, in that the actuator is turned on and off according to a desired operating frequency,
while amplitude remains constant.
Both of these projects show that virbo-tactile feedback can be a good tool for guiding a
user in the system, especially when there is limited or no visual feedback. The only noted
downside of vibro-tactile feedback is that it is not easy to differentiate between physically
close sources. This work wanted to utilize the space on the hand through multiple tactile
devices, therefore enabling a user to differentiate between the different devices and identify
their location easily is necessary.
2.3.2 Shear / Slip Tactile Feedback
A second type of tactile display that is being developed to display haptic information is a
slip/shear or electrostatic tactile device. These displays typically use electricity to increase
friction between two plates, one of which a user tries to slide across the other. Chen’s
research group in Southeast University in China developed a shear/slip feedback device that
featured a large rotating cylinder that stimulates different texture sensations when it rotates
at varying speeds while a subject slides their finger across a specified window [3]. The
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device had some initial success in providing varying sensations of roughness to their test
subjects, but had not yet undergone rigorous testing. A group in Japan tackled the challenge
of producing the sensation of softness by using an electrostatic device which included a
slider film that controls spacing between a user’s finger and the device [35]. Their initial
testing showed positive results in generating some sensation of softness, although they
admit it was not as soft as they intended.
These types of devices have had the most success in generating cutaneous haptic infor-
mation, not just force feedback. The downside is that they are often bulky and meant to be
used on a table. In addition, many of these types of devices are designed to provide feed-
back only to a singe fingertip. Therefore, despite their previous positive results in providing
sensations like softness and roughness, a shear/slip device would not suit this work’s need
for a light-weight, quick fabrication tactile device.
2.3.3 Force Tactile Feedback
A third popular approach to tactile displays is focused on providing force feedback to the
user. The means to accomplish this goal varies. One successful system incorporated servo-
motors to push pins up to apply pressure to a user’s finger [17]. The device was capable
of forming shapes and patterns for subjects to identify. An interesting feature of the pin
display was the spatial low pass filter used to allow the pins to move together; this presented
the feeling that the pins were one continuous object and allowed motions such as sinusoidal
waves to be created. Another group in Italy has been working on a complete system that
allows a user to control a robotic hand using a glove interface[7], one of the most common
types of force tactile devices. Their work is focused on virtual applications and offers tactile
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Figure 2.5: Three of the most common examples of force tactile displays. The far left image
shows the servo-controlled pin tactile display [17]. The middle picture is a glove tactile device
that provides feedback through restricting tendons [7]. The image on the right shows a joystick
tactile device that provides resistance to a user operating the “ministick” [4].
feedback to the user in addition to visual feedback using servo motor actuators and tendons
attached to each of the user’s fingers. Their work with the model of force and the control
feedback loop were important to the field of haptics. The last common type of force tactile
feedback displays is the control stick device. A group at Purdue University studied the
levels of force/stiffness that subjects could identify using their “ministick” tactile device
[4]. The device had three degrees of freedom and could provide force stimulus for their
experiments; Figure 2.5 shows images of the three common force devices discussed here.
The tactile devices for this work are aimed at providing force tactile feedback, yet none
of the solutions presented above met the criteria of light weight and simplistic fabrication.
The above tactile interfaces are for the most part large and bulky. Also, subjects using
each device reported that the system offered noticeable force resistance but not a realistic
haptic sensation. The devices developed here are originally aimed at providing force tactile
feedback, but the option to provide some type of cutaneous feedback should be available
for future applications.
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2.3.4 Pneumatic Tactile Devices
Pneumatic tactile devices are the family of tactile displays that provide tactile information
using pressure from pockets of a gas, in many cases air. Using solenoids and pumps, the
amount of air inside of the pocket, or “bubble,” can be controlled and by combining several
arrays could allow different information to be displayed. The arrays consist of either a sin-
gle or several bubble arrays and, depending on the design, the bubbles may be controlled
individually or in groups. The size of the bubbles and arrays, along with their spacing and
control can be altered to produce different sensations to the user. The previous work of
other authors verifies that pneumatic tactile devices provide adequate force and displace-
ment on a user’s hand, but pneumatic devices also offer additional benefits. The weight
issue that is common among other glove devices is eradicated because the plastic bubbles
weigh almost nothing. Although, the secondary equipment (for example, the solenoids,
piping, and pumps) can be bulky, heavy, and inflexible, this weight will not be on the de-
vice itself. In addition, pneumatic bubble arrays are compact enough to fit on fingertips,
and the fabrication process that has been developed for balloon arrays allows for a variety
of designs to be fabricated and tested in a relatively short amount of time using low-cost
materials.
Pneumatic haptic feedback is ideal for this project for several reasons. First, the goal
is to develop a light weight tactile interface, and an air controlled pneumatic system is a
proven solution. Second, the PDMS process described in detail in the next chapter is an
efficient, low cost means to develop devices. In addition, initial work done by the author
suggests that the devices will be able to be developed and controlled in order to perform
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Figure 2.6: The MEMS pneumatic display that uses hydraulic displacement amplification mecha-
nisms(HDAM) [21].
human perception experiments.
One example of a pneumatic tactile device is the MEMS display that was developed
by researchers at Keio University in Japan [21]. The device they developed used layers of
polydimethylsiloxane (PDMS) with compartments of liquid glycerin to control the inflation
and deflation of the bubbles. A cross-section description of the device can be seen in Figure
2.6, and the group used it successfully to form Braille characters using the device. The
MEMS devices described are similar to those described in this document in that both use
PDMS layers to create a pneumatic device, yet their devices requires a complex fabrication
process. One of the goals of this project was to make a simple process for building tactile
devices.
Another group, to whom this work’s devices are more closely related, is the UCLA team
led by Culjat and King. Collectively they have completed several successful endeavors
using pneumatics to provide tactile feedback to both surgeons working on the da Vinci
robotic surgery system [15] and prosthetic leg users [6]. Both systems provided accurate
force feedback using PDMS balloons inflated with air. The resulting pneumatic tactile
array that was fit to the da Vinci machine is shown in left side of Figure 2.7. The limitation
of their surgery system comes from the fact that it is focused on providing one-to-one force
19
feedback through precision tactile devices. Their surgery system is also limited to feedback
to the fingertips of two fingers due to the controls of the da Vinci robot. In this proposed
solution a more robust system established through the use the entire hand for feedback
is being investigated. Another difference between King’s work and this work is that for
the da Vinci system operators are applying pressure to the controls. The proposed system
outlined here would require more effective feedback as it is using pneumatic air balloons
on the user’s gloved hand.
Figure 2.7: The left image shows the pneumatic tactile device develop by King et al. . The image
on the right shows the tactile device placed on the controls of the commercial MIS da Vinci surgical
system. [15]
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Chapter 3
Methodology
3.1 Introduction
Much of the more recent work using pneumatic tactile devices has focused on building
devices using the silicon-based polymer polydimethylsiloxane (PDMS). PDMS has been
determined to be a viable option for building pneumatic tactile arrays due to its low cost,
nontoxic properties, and ability to be formed into mirco-devices in a relatively short time
period. In King et al. [15], the pneumatic tactile feedback devices were built from PDMS
because of its elasticity and flexibility characteristics. Another benefit of PDMS is that its
properties can be altered by changing several variables in the fabrication process, including
a change in the proportions of PDMS’s two components (referred to as the base-to-cure
ratio), the thickness of the PDMS, and the time and temperature at which it is cured.
The fabrication process of a pneumatic tactile device from design to final functional
PDMS device can be divided into three separate stages. The first step is to create a mold of
the desired devices from which PDMS devices can be created repeatedly. Next, the mold
can be used to build PDMS tactile devices. Lastly, interface devices need to be attached to
allow air to enter the tactile device and inflate the bubble arrays.
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3.2 Device Mold Fabrication
The mold for the tactile devices is created using a layer of SU-8 2050 photoresist spread
on a four inch silicon wafer base. SU-8 2050 is part of the SU-8 family of epoxy based
photoresists that are good for permanent imaging used in micro-machining, among other
micro-electronic applications. The choice to use SU-8 to create the mold for the tactile de-
vices was based on SU-8’s simple lithography process and the permanent bond that results.
The process followed for applying and imaging the SU-8 includes coating the wafer, soft
baking, exposure, post-exposure bake (PEB), and developing. The parameters for each step
(spin rates, timing, temperatures, etc.) are determined by the target thickness and laid out
by the manufacturer in its data sheet. Table 3.1 shows a summarized version of the process
to develop a mold that is explained in detail below.
Table 3.1: Basic recipe for fabricating a device mold.
1. Remove any particles off a unused 4 inch wafer using IPA and air.
2. Put a generous amount of SU-8 2050 on the wafer and use gravity to spread the SU-8 out.
3. Use SCS Spin Coater to spread SU-8 to desired thickness.
4. Softbake 5 minutes at 65 ◦C, then 15 minutes at 95 ◦C.
5. Cool wafer.
6. Use the Karl Suss MA150 Contact Aligner to expose the wafer using the design mask for 5.5 minutes.
7. Post bake at 65 ◦C for 2 minute, then 10 minutes at 95 ◦C.
8. Cool wafer.
9. Develop in SU-8 developer for 8 minutes.
10. Wash with IPA and acetone to remove excess developer, dry.
The mold building process needs to be performed in a clean room environment to pre-
vent contamination of the SU-8 layer by dust particles in the air. In addition, SU-8 is a
photoresist, and the lithography process must be performed under yellow lighting. If the
photoresist is exposed to common white light, the resist will be contaminated and will not
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develop correctly.
The SU-8 family of photoresists can be used to create film thickness between 25 µm
and 200 µm in a single layer depending on the type of SU-8. For this application a thicker
film (approximately 150 µm) is desired to create thicker final devices. The first step in
the mold process is to spread an even layer of SU-8 on the wafer. For this step the SCS
Resist Coater in RIT’s Semiconductor and Microsystems Fabrication Laboratory (SMFL)
was used. An image of the SCS Resist Coater is shown in the left image of Figure 3.1.
Figure 3.1: The left image shows the SCS Resist Coater used in the coating phase of the mold-
building process. The image on the right shows the Karl Suss MA150 Contact Aligner used in the
exposure phase of the process.
The spin rate used to spread the SU-8 is the determining factor in the final thickness of
the SU-8, with faster spin rates achieving thinner layers of SU-8. The manufacturer of the
SU-8 provided a chart in its data sheet to assist in the determination of the correct spin rate.
As can be seen in Figure 3.2 the recommended final spin rate to achieve a thickness of 150
µm of SU-8 2050 is about 1350 rpm for 25 to 30 seconds. To prevent an uneven spread of
SU-8 the first spin speed should be 500 rpm for 5-10 seconds, then should be ramped up to
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the necessary 1350 rpm.
Figure 3.2: On the left the recommended Spin Coater Speed Curve Chart provided by manufacturer
is shown. On the right is the corresponding table providing spin speeds for desired thickness.
After a film of SU-8 coats the wafer, the wafer needs to be soft baked to start the curing
process. The manufacturer’s recommended bake time of 5 minutes at 65 ◦C and then 15
minutes at 95 ◦C is based on the thickness of the SU-8. This value is shown in Figure 3.5.
A hot plate in the SMFL clean room was used for the soft baking. After the wafer was
cooled, the design mask was placed on top.
SU-8 is a negative photoresist which means that SU-8 exposed to ultra-violet light
(causing cross linking) will remain after the development phase. Since the mold for the
tactile devices is a negative for the device design, the SU-8 that needs to remain after de-
velopment is the devices themselves (not the background). The masks for this work were
designed in the computer program LEdit, which is an industry layout tool. The design in
the final mask was etched in a piece of chrome by the RIT SMFL staff using a MEBES III
system (a picture of the final mask used is found in Figure 3.3). On the mask the desired
pattern is completely transparent, while the background is entirely opaque. This allows
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ultra-violet light to cross link the SU-8 in the pattern, yet the chrome completely prevents
the light from interacting with the SU-8 not associated with the design. An upcoming sec-
tion in this chapter is dedicated to the description of the specific design decisions that went
into the final mask design.
Figure 3.3: The photo on the left shows the chrome mask that was used to expose the final design on
a SU-8 covered wafer. The right photo is the wafer after it has been removed from the developed,
with the mask pattern clearly visible.
The first attempts at making a mask were unsuccessful. The mask was printed on a
transparency to be used as a mask during the exposure phase. It was found that the black
ink from a normal copier printer was not capable of completely blocking light from en-
tering the non-patterned (black) areas. The areas of SU-8 that were partially exposed to
the ultra-violet light become partially cross-linked, resulting in areas that do not respond
appropriately to the developer, and were not completely removed from the final product.
The mask was set on top of the wafer coated with SU-8, then the Karl Suss MA150
Contact Aligner in the RIT SMFL was used to expose the SU-8 where the devices should
be. The length of the exposure is based on the thickness of the SU-8 layer and the intensity
of the ultra-violet light being used (in this case it was calculated to be about 5.5 minutes).
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Figure 3.4: Chart from SU-8 manufacturer’s data sheet, to indicate appropriate exposure energy
based on the film thickness.
Figure 3.4 shows the minimum and maximum energy for different film thicknesses. The
middle exposure energy for a film thickness of 150µm is approximately 400mJ/cm2 and
the Karl Suss MA150 is capable of providing 1.2mW/cm2, these two values can be used
to calculate exposure time, as shown below:
Dose = Iradience ∗ time
400 mJ/cm2 = 1.2 mW/cm2 ∗ time
time = 333.33 seconds =∼ 5.5 minutes
After the wafer has been exposed it needs to be baked for the post bake (PB) phase. The
manufacturer’s table (shown in Figure 3.5) suggests 2 minutes at 65 ◦C and 10 minutes at
95 ◦C. After the post exposure bake the wafer should be allowed to cool. Next, the SU-8
wafer needs to be developed; the wafer should be placed in a bath of SU-8 developer and
allowed to sit for approximately 8 minutes according to the table shown in Figure 3.5 which
comes from the SU-8 data sheet. Once developed the wafer should be cleaned with iso-
propanol (IPA) and dried with air. Any remaining areas that were not fully developed will
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appear white and can be removed either with acetone or more time in the Su-8 developer
solution.
Figure 3.5: Above are the manufacturer’s tables for (from top left to bottom right) the soft bake
phase, the post-bake phase, and the development phase. These values were considered for the mold
process.
3.3 Construction of PDMS Pneumatic Tactile Devices
PDMS allows for the relatively quick production of balloon array tactile devices using a
two-layer design. Figure 3.6 is a diagram of the cross section of a PDMS balloon array, en-
larged to show the layered design. The PDMS array fabrication process has several steps:
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mixing, baking, layering, and sealing. An advantage of this fabrication process is that sev-
eral of the steps can be slightly altered to produce different PDMS results. The base-to-cure
ratio of the PDMS, the spin coater’s angular velocity settings, the initial baking time and
temperature, and the final bake time and temperature all can be altered to affect the prop-
erties of the final PDMS tactile device. This ability leads to relatively short development
time in order to test different aspects of the devices.
The basic recipe used in this work was altered over the course of many trials in order
to balance the process limitations and intended goals. Appendix A of this thesis document
contains a table of trials, with the parameters and outcome from each PDMS trial. The
basic recipe for building PDMS balloons is shown in Table 3.2 and the details are explained
below.
Figure 3.6: The cross-section of a PDMS tactile finger device that shows the two layers of PDMS
and the air channel that allows the bubble array to inflate. Note that the figure is not drawn to scale,
yet it is drawn to emphasize the height of the PDMS device in comparison to the glass slide.
The tactile devices are built from two layers of PDMS bonded together. In addition to
the mold wafer discussed in the previous section, a blank 4 inch silicone based wafer is
required. When working with the wafers, gloves should be worn to protect the wafers as
much as possible from the oils in human skin. As stated in Table 3.2, the first step is to
clean both wafers. If this is the first use of each wafer, this step is not as necessary as for
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Table 3.2: Basic recipe for a PDMS tactile device.
1. Clean the mold wafer and blank wafer. First using acetone then IPA (Isopropanol).
2. Mix PDMS with a ratio of 8:1, so that the final product is a total of 4 grams of PDMS.
3. Mix PDMS with a ratio of 10:1, so that the final product is around 2.97 grams of PDMS.
4. Use a vacuum chamber to remove air from the PDMS mixtures.
5. Transfer the 8:1 PDMS mixture to the mold wafer.
6. Use vacuum chamber to remove any remaining air from the mold wafer.
7. Transfer the 10:1 PDMS mixture to the blank wafer.
8. Use vacuum chamber to remove any remaining air from the blank wafer.
9. Use spin coater to spread PDMS evenly on mold wafer with a thickness of approximately
.07 mm.
10. Bake mold wafer on a hot plate (80 ◦C), for 11 minutes.
11. Use spin coater to spread PDMS evenly on blank wafer with a thickness of approximately
.05 mm.
12. Bake mold wafer on a hot plate (80 ◦C), for 8 minutes.
13. Cut PDMS feature out of mold wafer and pull PDMS feature off the mold. Cut out PDMS
in interface circle.
14. Place PDMS feature on blank wafer, careful that the bubbles of the feature don’t stick to
the base layer.
15. Bake on the hot plate for 20 minutes at 85 ◦C.
wafers used for multiple trials when small amounts of left-over cured PDMS might still be
on either of the molds. First acetone is used to clean the mold of leftover PDMS, particles,
and oils. Then both wafers are wiped with IPA to create a streak free surface.
After the wafers have been prepared, the next step is to mix the ratios of PDMS both
for the base layer (the PDMS on the blank wafer) and the feature layer (the PDMS on
the mold wafer). PDMS is sold in two different parts that need to be mixed together to
create PDMS; once the two components have been combined there is a time window in
which to work before it is completely cured. The window when PDMS is exposed to room
temperatures is about 48 hours, yet once the PDMS is partially cured it becomes harder to
work with. The addition of heat can decrease the time required to cure PDMS to about 30
minutes, depending on the temperature and the thickness of the PDMS.
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Table 3.3: PDMS Ratio Guidelines
Feature Layer Base Layer
Ratio 10:1 8:1
Part A Weight 2.7 grams 3.2 grams
Part B Weight 0.27 grams 0.4 grams
Total Weight 2.97 grams 3.6 grams
For the two required layers of PDMS for the tactile devices, two different ratios and
total weight were used. The base layer uses the standard 10:1 ratio, while the feature layer
requires more elasticity, and therefore a 8:1 ratio is used. Since, the thickness of the final
base layer is thinner than the feature layer, the total amount PDMS used is less (the exact
amount is shown in Table 3.3). To improve the smoothness of the PDMS, all air bubbles
should be removed from both mixtures using a vacuum chamber. After being removed from
the vacuum chamber the mixtures were poured over their respective wafers and gravity was
used to spread the liquid PDMS. For the feature layer, the PDMS must cover each of the
features on the mold, or else PDMS will not be able to spread to these slightly elevated
areas during spin coating. Figure 3.7 has a close up photo of the feature mold, to show the
slight height difference. After pouring and spreading liquid PDMS, each wafer should be
placed in a vacuum chamber to remove any remaining air.
Figure 3.7: Close up photo of the feature mold, showing the raised height of the tactile device
features.
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Table 3.4: PDMS Spin Coating Guidelines
Base Layer Feature Layer
Phase 1 Spin Rate 1000 rpm 500 rpm
Phase 1 Time 9 seconds 9 seconds
Phase 2 Spin Rate 2000 rpm 1000 rpm
Phase 2 Time 15 seconds 20 seconds
Desired Thickness 0.05 mm 0.07 mm
Spin coating is an easy means of spreading liquid evenly across a wafer, giving the
added benefit of being able to approximately control the thickness of that liquid. The
feature layer requires a thicker layer of PDMS (approximately 0.07 mm) due to the slightly
elevated feature pattern on the mold, and the extra thickness helps to prevent ripping when
peeling the devices from the mold. The base layer can be thinner than the feature layer
(approximately 0.05 mm) since the tactile devices are not removed from it until they have
been completely cured. In this state the devices are more elastic and not as likely to rip,
despite the thinner layer of PDMS. Table 3.4 shows the approximate spin rates to achieve
the desired thicknesses for both layers. After the excess PDMS is spun off and there is an
even layer of PDMS, each layer is partially cured by baking on a hot plate.
After each wafer has been partially cured, each of the devices on the feature layer must
be individually cut and peeled off the feature wafer. Due to the thickness of the PDMS and
the partially cured state of the PDMS, devices being pulled off the mold easily rip. Once a
single device has been peeled off, the interface circle of the device must be cut out. Cutting
out the interface before placing the device on the base layer helps prevent the device’s
bubbles from sticking to the base layer of PDMS, especially during the final baking. After
the device is free of the mold and the interface circle has been cut out, it should be placed
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on the base layer. The bubbles on each of the devices tend to stick to the base; therefore
it might take several attempts to lay the tactile device flat on the base while preventing the
bubbles from sticking. In Appendix A, the device yield and bubble yield for each trial are
shown. These numbers are usually low due to the devices’ ripping as they are pulled from
the mold and bubbles’ bonding to the base layer producing unusable devices.
After all devices have been cut from the feature wafer and placed on the base wafer, a
hot plate is used to complete the curing process of the PDMS quickly. Since neither layers
were completely cured in the first round of baking, this final baking phase also bonds the
two PDMS layers together, which prevents air from leaking between the two layers. The
final curing is done with a hot plate for 20 minutes at 85 ◦C. After the devices have been
removed from the heat and allowed to cool, each device can be completely cut and removed
from the base wafer. For the experiments discussed in the next chapter, the devices were
more easily tested when attached to a solid background (glass microscope slides were used
as a base for each device). It should be mentioned that the devices are just placed on the
glass slide, not bonded; therefore only static electricity keeps the device on the glass. A
complete inflated tactile device can be see in Figure 3.8.
3.4 Construction of Interface Device
A reliable interface device, although not the focus of this work, is required in order to
operate and test the tactile devices successfully. The ideal tactile device would be made of
a cube of PDMS and permanently bonded to the PDMS device. Oxygen plasma treatment
is the established method for bonding PDMS [8]. The means of performing this treatment
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Figure 3.8: An photo of a complete inflated tactile device. The PDMS device can be seen sitting on
top of a glass slide. The interface device connected to the tube is providing the air. More information
on the interface can be found in the next section of this document.
has progressed over the years from using an expensive vacuum plasma system to a less
expensive corona system, which is a hand-held device that can be used in room temperature
to create plasma near the PDMS surface to allow it to bond. Although explanation of the
PDMS to PDMS bonding process was found [34], in our experiments it was not able to
achieve a permanent bond to prevent air leakage. The speculated reasons for this problem
are that the different base-to-cure ratios of the feature and base layer prevented bonding or
that the two layers were too thin to be bonded correctly.
As the interface device was not a focus of this work and the aim was for a simple tactile
device process, an alternative to a PDMS interface device was found using rubber. A round
rubber sticky pad with a 3.0-cm diameter, which is typically used to prevent electronics
(e.g. monitors) from sliding, was used. The rubber circle was cut into eighths, a single
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slice being used as the interface for a single tactile device. In order to allow the air to
flow into the device a 1/8” hole was drilled through the entire height of the plastic. To
allow more air into the device a 5/64” bit was used to widen the hole on the bottom of
the device, with a depth of about 1/4 the entire height. Once both holes were drilled and
cleaned of any remaining rubber particles a 1/8” plastic tube was inserted into the top of
the interface device. Next the paper was removed from the bottom of the interface devices
and placed over the interface circle on the tactile device. For a more secure bond, a knife
was used to remove as much of the PDMS from around the interface circle before the
interface device was attached on since the rubber interface sticks much better to the glass
slide than the PDMS device itself. Once the interface was placed, pressure was applied for
approximately 2 minutes to ensure the most secure bond. Once completed air can be fed
into the device using the tube in the interface device. Figure 3.9 shows two close up views
of an attached interface device.
Figure 3.9: The image on the left shows a close-up of the rubber interface device with the hole
drilled in which the air tube will be inserted. The right image shows the bottom of a tactile device,
to show how the tactile device and interface device aline.
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3.5 Tactile Device Design Considerations
The masks,used to create a chrome mask to be used in the PDMS device process, were
designed using the computer program LEdit to draw the desired patterns. Two example
patterns are shown in Figure 3.10. The basic design was in the form of an array; the final
array in this work was a 2 by 3 array, so there were 2 columns of pneumatic bubbles with
3 bubbles each. Since these devices are aimed at offering a simpler binary solution for
pneumatic haptic feedback, all six bubbles are controlled by a single interface bubble.
Figure 3.10: Two of the patterns created from which to create a mold from. The left image was one
of the earlier generations, the image on the right was a later revision. (Note: neither of these designs
are not drawn to scale.)
The factors that had to be considered when designing the arrays were diameter of the
bubbles, the spacing of the bubbles, the size of the interface circle, and the size of the chan-
nel connecting each of the bubbles to the previous one. The issues of ideal diameter and
spacing where addressed by King et al. [15] at UCLA. After performing several different
psychophysical experiments, they determined that a 3.0-mm diameter on the pneumatic
arrays provided the highest average accuracy on their set of experiments. The optimal
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spacing as determined by the UCLA group was 1.5 mm edge-to-edge spacing, although, it
should be mentioned that the King et al. devices required better precision, due to the fact
that subjects needed to distinguish between 5 different inflation levels. In addition, they
were only considering placement of the tactile devices on the first finger and thumb.
Starting with UCLA’s work as guidelines, different pneumatic structures were devel-
oped. Due to the relatively short development time and the fact that several designs could
be placed on a single wafer, over the course of the project many different designs were
considered. Along the way other design considerations were found such as the size of
the interface circle, the length of the interface channel, and the limitations of the device
building process.
3.5.1 Different Types of Devices: Palm vs. Finger
It is well known that the fingertips have more feeling than that of other parts of the hand,
yet there has been much work in the past 50 years trying to improve understanding about
how the human hand works and feels. Even more important to the field of haptics is under-
standing where and how humans feel during different activities and in response to different
stimuli. In one such study, which dates back to 1977, Johansson and Vallbo wanted to de-
termine the relative size and densities of the different mechanoreceptors on the hand [11].
As expected Johansson and Vallbo determined that the fingertips contained the largest con-
centration of each of the four types of mechanoreceptors, but they also investigated the
densities of mechanoreceptors on other parts of the hand. The results were summarized in
a figure that showed the distribution of each of the types of mechanoreceptors (RA, SAI,
PC, and SAII); this diagram can be found in Figure 3.11.
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Figure 3.11: Johansson’s and Vallbo’s conclusion concerning the distribution of mechanoreceptors
on a human hand [11].
Using Johansson’s and Vallbo’s physiological conclusions it was originally thought that
in order to provide detectable sensations to both the fingers and palm for this work, very
different devices would need to be developed. Using knowledge gained from initial work
performed with the pneumatic tactile devices, two sets of specifications were outlined; one
set describing devices to be used on the finger tips and the middle of the fingers (Type I)
and the other to be used for the palm (Type II). These values can be seen in Table 3.5. The
main differences between the two were the overall size of the devices and the diameters
of the bubbles in the devices. To compensate for the comparatively reduced number of
mechanoreceptors on the palm region, it was believed that larger devices with larger areas
would be more likely to be detected by a subject. The first set of experiments, explained in
detail in Chapter 4, were done to determine the ability of the devices to be detected in the
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different regions of a subject’s hand. Type I devices were developed first and tested on all
parts of a user’s hand; it was found that these devices were capable of providing sensations
to all considered parts of a subject’s hand, so the development of Type II devices was
considered unnecessary. In addition, one of the large problems found when working with
PDMS bubble arrays was that when bonding two layers of PDMS together the bubbles
from the feature layer would bond to the base layer. This was more likely to happen in
larger diameters of bubble due to the weight of the PDMS being stretched a larger distance
without support.
Table 3.5: Characteristics of both Type I (finger devices) and Type II (palm devices) tactile devices.
Characteristic TypeI- Finger Tactile Display Type II - Palm Tactile Display
PDMS Device Thickness 1.2 mm 2.4 mm
Diameter of Pneumatic Balloons 3.0-4.5 mm 6.0-6.5 mm
Bubbles Array Size 2 x 3 3 x 4
Size of a Individual Device 3.0 cm x 1.5 cm 6.0 cm x 3.0 cm
3.5.2 Final Device Specifications
The wafer used for the final set of device fabrication had a total of 10 devices on it. For
reference the devices were numbered from one to ten from left to right and then from top
to bottom, as shown in Figure 3.12. The design specifications for each individual device
can be found in Table 3.6.
The diameters of the devices were either 3.0 mm, 4.0 mm, or 4.5 mm. These three
diameters were based on initial testing as well as specifications found during the literature
review. The lower threshold was based on the ideal diameter identified by UCLA [15] as
well as initial experience with what device size was the most detectable on a user’s hand.
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Figure 3.12: The tactile device pattern for the final mold design. It includes ten tactile devices with
varying bubble diameters of 3.0 mm to 4.5mm. (Not drawn to scale)
The upper bound was limited by the process. Through trial and error it was found that
diameters larger than 4.5 mm were very hard to remove from the mold without ripping,
and it was almost impossible to prevent the majority of the device’s bubbles from sticking
during the first bonding stage.
Table 3.6: Some of the more specific characteristics of each of the ten final device designs. Device
numbers refer to the numbered devices that are shown in Figure 3.12.
Characteristic Device 1 Device 2 Device 3 Device 4 Device 5 Device 6 Device 7 Device 8 Device 9 Device 10
Device
Height
23.22 mm 25.80 mm 25.74 mm 23.24 mm 25.74 mm 23.29 mm 29.39 mm 29.74 mm 29.76 mm 29.39 mm
Device
Width
10.50 mm 11.52 mm 11.56 mm 10.5 mm 11.52 mm 10.5 mm 13.02 mm 11.40 mm 11.46 mm 13.05 mm
Bubble
Diameter
3.0 mm 4.0 mm 4.0 mm 3.0 mm 4.0 mm 3.0 mm 4.5 mm 4.0 mm 4.0 mm 4.5 mm
Interface Di-
ameter
2.5 mm 2.5 mm 2.5 mm 2.5 mm 2.5 mm 2.5 mm 2.5 mm 2.5 mm 2.5 mm 2.5 mm
Horizontal
Spacing
2.0 mm 2.0 mm 2.0 mm 2 mm 2.0 mm 2.5 mm 4.0 mm 4.0 mm 3.0 mm 2.5 mm
Length of
Interface
Channel
5.0 mm 5.0 mm 5.0 mm 5.0 mm 5.0 mm 5.0 mm 5.0 mm 5.0 mm 5.0 mm 5.0 mm
The interface device diameter was made using similar guidelines to the bubble diameter,
but the decision to use a 2.5 mm diameter was governed by the need to prevent as much air
leakage as possible. The horizontal spacing between the individual bubbles in the arrays
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was kept consistent with UCLA’s findings. In addition it was found that approximately a
centimeter space between two devices is needed to remove the individual devices from the
mold without harming neighboring devices. The length of the interface channel needed to
be long enough to separate the device from where the interface connection needed to be,
but the longer the interface channel the harder it was to remove the PDMS device from the
mold. It was found that a length of 5.0 mm for the interface channel balanced both of these
concerns. The total width and total height measurements were not factored into the design
decisions; they were just the result of combining all previously mentioned factors.
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Chapter 4
Human Perception Experiments and Results
4.1 Introduction
A major contribution of this thesis is the human perception insights gained through exper-
iments with the designed binary pneumatic tactile devices. The goals of the experiments
were to verify the design of the tactile devices, determine the usability of various regions
of the hand, and determine if different location combinations of feedback could be distin-
guished. Three experiments are described in this chapter, each examining different aspects
of the overall goal. The initial experiment was performed to determine the individual feed-
back quality of each size of tactile device (diameters of 3.0 mm, 4.0 mm, and 4.5 mm were
considered) in a variety of locations on a subject’s hand. The second experiment sought
to improve the quality of feedback in lower scoring sections of a user’s hand (identified
in experiment 1) through the combination of devices in two different locations. The last
experiment tested a subject’s ability to identify eight different binary patterns using three
tactile devices placed in three different locations on the hand.
In order to perform each experiment, tactile devices had to be created as explained in the
methodology chapter, Chapter 3, of this thesis document. In addition, a means of providing
air to the devices was required. To establish an automatic testing environment a National
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Instruments M Series data acquisition (DAQ), an air compressor and air tank, and a Marsh
Bellofram analog solenoid was purchased. Although it was determined that these could be
used to control the airflow into the tactile devices, it was considered unnecessary and added
excessive complexity to the experiments so a simple air syringe was used to control the air
in the tactile devices.
Each experiment is explained in detail in the next section, to include the obtained re-
sults. Although not used for the experiments, an abbreviated explanation of an initial C#
program to control air flow using the solenoid is described in Section 4.6 of this chapter.
The final section in this chapter summarizes results from all three experiments.
4.2 Tactile Device Placement
The placement of the PDMS tactile devices on the hand is critical to human perception
and is one of the focuses of this work. Previous tactile displays have been developed, but
this work aims at combining different types of simplistic binary devices to make a pattern
system that takes advantage of the entire hand region. In addition, the tactile devices need
to balance between allowing flexible finger and joint movements and providing good haptic
feedback. The ideal tactile display would be able to recreate the sensations of tactile explo-
ration and grasping tasks by applying tactile information to the corresponding parts of the
hand, but as this is not feasible yet, this thesis is intended to be a step in that direction. In
the early 1990s, several research efforts studied the parts of the human hand most active in
grasping and exploration activities. One of these researchers, Bergamasco [1], published
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his findings highlighting the contact areas on the human hand that were used in explo-
ration and grasping activities. Figure 4.1 shows a graphical representation of Bergamsco’s
conclusions.
Figure 4.1: Contact areas on the human hand associated with exploration (left column of images)
and grasping (right column of images) activities [1].
Target areas for the human perception experiments were identified by examining Bergam-
sco’s conclusions and determining areas on the hand that were used in both activities. Obvi-
ously the finger tips (also known as the distal region) were included, due to their heightened
ability to perceive tactile information. The middle of the fingers were identified as part of
both activities; therefore these areas were also considered. On the palm (the metacarpus),
the area below each finger was identified as good candidates for consideration. The two
areas that were included on the palm, which were not based on Bergamsco’s findings, were
the area on the bottom of the palm near the thumb and the area on the bottom of the palm
below the fifth finger. These two areas were included for a more complete coverage of
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Figure 4.2: The figure shows the possible locations for the tactile devices during the human percep-
tion experiments. These areas were loosely based on Bergamsco’s conclusions[1] on contact areas
during exploration and grasping activates.
the hand and because these spots do not interfere with a subject’s ability to grasp objects.
Figure 4.2 outlines the target areas to place tactile devices for the human perception exper-
iments. For better verbal explanation the areas were grouped into three different types: the
distal region (DR), the middle region (MR), and the metacarpus region (MCR).
4.3 Experiment One
In the first set of experiments the goal was to determine which parts of the hand are able
to detect and distinguish which size (in terms of the device’s bubble diameter) of tactile
stimulus the most reliably. Experiment 1 considered all the areas identified previously with
the exception of two of the palm areas, directly below the third and fourth finger. These
two areas were excluded due to logistics concerning the placement of the completed tactile
device. The interface device made it physically impossible to provide feedback to these
44
sections. For the experiment each region was further divided into numerical parts; when
considering fingers going from the thumb to the little finger they are labeled as 1 through
5 for fingertips (distal region), middle of the fingers, and palm (metacarpus region). This
numbering scheme can be seen in Figure 4.3.
Figure 4.3: Figure of the hand showing all locations being considered for the human perception
experiments. The fingers have been labeled for easy reference.
4.3.1 Procedure
For this experiment three different tactile devices were built with three different diameters:
3.0 mm, 4.0 mm, and 4.5 mm. Each device was built following the process described in
the methodology chapter of this document. Devices used in the experiment had at least 4
of their 6 bubbles working, but perfection was not required due to their simplistic binary
design. For this experiment eleven subjects, 4 females and 7 males (of various ages), were
used. These experiments are not providing robust testing on enough subjects to make solid
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conclusions about the exact ability of each area to detect haptic feedback. This experiment
used only eleven subjects, to get a good idea of the sensitivity quality of each location.
After eleven sets of data collection, the data were similar enough to argue that no more
data were needed, though an experiment focusing on rigorous testing with a large number
of participants would be good consideration for future work.
Figure 4.4: For Experiment 1 a single tactile device was considered for each trial and was rated
by the subject in each considered location. The air syringe was used to control the inflation and
deflation of the tactile device.
Each subject performed three trials, one trial for each diameter of device being consid-
ered (3.0 mm, 4.0 mm, and 4.5 mm). In each trial the device would be considered in the 13
different possible areas, identified previously, and then the subject would be asked to rate
the quality of the feeling on a scale of 1 to 5, with 5 being the best score. To provide a ref-
erence DR2 (which due to the nature of the physical layout of the human hand should have
good sensitivity) was considered a 5. In the beginning of the experiment, the subject was
first briefly introduced to the concept of the tactile device and allowed to feel an inflated
device. Then using the dominant hand the tip of finger 2 was placed on the tactile device
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to determine the sensation representing a 5 used for scaling. The researcher controlled the
inflation and deflation of the tactile device using a plastic syringe.
Once the reference was established, the device was moved to the fingertip of finger 5
(identified as DR5 in the hand diagram), and the device was inflated and deflated several
times (between 3 and 8), to allow the subject time to determine the appropriate quality
score for that area. The device was then moved to the fingertip of finger 4 (identified as
DR4 in the hand diagram), again the device was inflated and deflated several times, and
the subject’s was rating noted. This process was continued through the rest of the distal
regions, then the middle regions, and then metacarpus regions. In each area the subject was
asked to identify the quality score based on the reference finger. In some cases, a subject
felt another area (the fingertip of either finger 3 or 4) provided better sensation than DR2.
In this case, the reference was reassigned to that finger, and the quality score of the pointer
fingertip was adjusted. This process was repeated for each of the three sizes of tactile
display.
4.3.2 Results
The result of the experiment is summarized in a table, shown in Table 4.1, of quality ratings
for each subject for each device at each of the considered locations. Quality ratings were
given on a scale of 1 to 5, 5 being the highest rating. Each subject performed three trials,
one for each size of tactile device being considered. In total each trial consisted of the
subject’s assigning 13 ratings to the 13 different areas, yielding a total of 39 ratings for all
device sizes in all areas for each subject. This table is designed to summarize the quality
of feedback received by each location for each sized device. The bold average values on
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the second to last row of the table are those hand locations that scored about 4.0, and were
deemed regions good at detecting tactile stimuli. It was expected that the fingertips would
all score well, but the rating on the middle of the second finger was less expected.
Before the data could be analyzed, any outliers needed to be identified and removed
so the data could not be influenced. The median and mean was calculated for the entire
set of data; they were found to be 4.00 and 3.92 respectively. Each of the average subject
scores (found in the rightmost column of the table) was compared to these values, and it
was determined that one subject’s average was much lower than the median and mean. It
was determined that subject 10 under-rated the tactile feedback of the device in comparison
with the other 10 participants, and was therefore removed from the data set as the lower
outlier. Once these data were removed from the average calculations, the averages for each
device diameter for each hand area were calculated. These results can be found in Table
4.2. The highest rated tactile device bubble diameter has been highlighted for each hand
region. This information was used in the next two experiments to determine which is the
best device size to use based on the device’s location.
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Table 4.2: A summary table showing the average of each sized device for each region of the hand
across all subjects. The found “best” device for each area is bolded. This information will be
referred to as a means of picking size of devices for the next two experiments.
DR 5 DR 4 DR 3 DR 2 DR 1 MR 5 MR 4 MR 3 MR 2 MCR 5 MCR 2 MCR 1 MCR 6
3.0 mm 4.05 5.00 4.70 4.80 4.15 2.75 3.25 3.75 4.05 3.75 3.55 3.55 3.35
4.0 mm 4.60 4.85 5.00 5.00 4.40 3.25 3.55 3.60 4.05 3.95 3.70 3.90 4.00
4.5mm 4.60 4.85 4.75 5.00 4.60 3.05 3.95 3.95 4.10 3.15 3.25 3.80 3.60
The confidence interval for the true mean of the data was calculated to give better un-
derstanding of the collected data’s accuracy. First, the mean for all data was determined
to be 4.023 for all subjects, all sizes, and all locations. The 95% confidence interval for-
mula used and the accompanying explanation are shown below. It was found that the true
mean of the data was in the interval of {3.964, 4.082} with 95% confidence, based on the
following equation:
{X¯ − s√
n
, X¯ +
s√
n
} = {4.023− 1.166√
390
, 4.023 +
1.166√
390
} = {3.964, 4.082} (4.1)
where X¯ is the mean of the data and is equal to 4.023, s represents the test standard
deviation and was found to be 1.166, and n is the number of samples, in this experiment n
was equal to 390.
4.4 Experiment Two
In Experiment two, the goal was to determine if two devices in combination would increase
the quality of feedback for areas of the hand that showed mediocre results from Experiment
1. The selection of tactile device groupings was based on several factors. As shown in
Figure 4.5 the four combinations are comprised of a single reference tactile device (to
be placed on the subject’s second fingertip) and two devices that will be considered in
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combination. As stated the placement of these devices was guided by the results of the first
experiment. The concept behind this experiment is to evaluate whether if the most sensitive
areas of the hand are being used for other activities (manipulating an object or some other
complex task) would it be possible to provide haptic feedback while only using other areas
of the hand. Therefore, the four device combinations were placed on finger 5, finger 4, or
regions of the palm. No devices were placed on the fingers’ middle regions due to their
extremely low results during the first experiment and their restricting position for activities
that would require closing the fingers. In all the combinations the first finger, second finger,
and third finger were left free.
Figure 4.5: The four different tactile device placement combinations are shown below. The single
black circle on the first finger of each combination shown is a device that will be used as the quality
reference. The diagonally stripped boxes show the placement of the two devices to be used in
combination.
4.4.1 Procedure
The second experiment was similar to the first in that subjects were asked to provide an
overall quality rating for devices using a reference device for the scale. As with the first
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experiment a 1 to 5 rating scale was used, where 5 was the highest rating. The reference
tactile device placed on the second finger was to be considered a 3, and the other two de-
vices were to be rated both individually and in combination. As with the first experiment,
eleven subject were used, although it was not the same 11 subjects. Also as with the first
experiment, this experiment was not designed for robust testing to make definitive conclu-
sions. Instead it was used to test new ideas; therefore, a small number of subjects was
considered, and the experiment was concluded when the ratings were not providing any
more interesting results. The size of the tactile devices being used throughout the experi-
ment was selected based on the “ideal” size found in the first experiment. For example for
the first combination the devices were placed on the distal region of the finger 5 and finger
4. According to the results of Experiment 1, as shown in Table 4.2, a 4.0-mm device should
be used for DR5, and a 3.0-mm device should be used for DR4. The rest of sizes for the
other combinations were selected in the same manner.
This experiment was divided into four different trials, one for each of the combinations.
First the subject was introduced to the tactile device and given the opportunity to feel the
reference device. For this experiment the subject was allowed to control the reference
device using a smaller air syringe in the non-dominant hand. This way the tester was able
to focus on the other two devices being used in combination. In this experiment an air
splitter made from metal piping was used so that both devices could be controlled using a
single air syringe and each device would receive approximately the same amount of air. A
picture of Experiment 2’s setup can be seen in Figure 4.6.
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Figure 4.6: Photograph to show the set-up of Experiment 2. The metal air splitter can be seen
attached to two tactile devices as well as a syringe to control the air flow. A single device, used for
reference, is connected to a separate syringe, which is controlled by the subject.
Once the subject feels comfortable inflating and deflating the reference device and un-
derstands that it represents the middle of the 1 to 5 rating system the first trial is started. In
the first trial, devices are placed on DR5 and DR4, and the devices are inflated several times
(between 3 and 8) to allow the subject time to determine their rating. The subjects were
asked to rank each device individually and then to rate both of the devices in combination
using the 1 to 5 scale. Once the subject’s rating was noted, the subject took a very brief
break (10-30 seconds), and the next devices were placed in the second combination. Trials
two through four were conducted in the same manner.
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4.4.2 Results
All subjects provided ratings for all four trials for the devices individually and in combina-
tion, a total of 12 ratings per subject. Before the information was tabulated, the data were
checked for outliers that could influence the average results. First the median and mean
were calculated for the data and then the average ratings for individual subjects across all
the trials were calculated. In this case, the average of each subject was within 0.5 of the
both the median and mean, so no outliers needed to be removed. The average ratings for
each pattern for each device individually and the two devices in combination are shown in
Table 4.3. It is easily seen that each pattern had some improvement when the devices were
considered in combination. The last row of the results table shows the improvement of each
pattern. The improvement was calculated by averaging the individual device ratings and
subtracting the result from the combination rating. Patterns a.) and b.) showed the greatest
improvement, while Patterns c.) and d.) showed only minimal improvement.
Table 4.3: Tabulated average ratings across all subjects for Experiment 2. These values are the
individual device averages as well as the device combination ratings. In addition, the improvement
of the combination in comparison to the average of the individual devices is shown.
Pattern a.) Pattern b.) Pattern c.) Pattern d.)
DR5 3.32 MCR5 3.00 MCR2 1.82 DR5 3.41
DR4 3.41 MCR6 2.95 MCR1 2.18 MCR6 3.27
Combo 4.00 Combo 3.73 Combo 2.41 Combo 3.64
Improvement 0.64 0.75 0.41 0.30
To determine the validly of the improvement calculations a student’s t-test analysis was
performed. The comparison of means test was performed twice for each pattern, calculating
the confidence that the combination rating was better (greater in value) than the individual
device rating. A student’s t-test could be used because the number of samples was the same,
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the variants were close, and a normal distribution was assumed. Table 4.4 shows the mean,
test standard deviation, pooled standard deviation, sample size, t-value, and the associated
confidences. The equations used for the t-values and pooled standard deviation are shown
below. Using the t-value, the confidence could be referenced on a standard t-chart. The
degree of freedom used was 2n − 2 = 20 and a one tailed alpha set was considered. The
results in Table 4.4 allows for more confidence in the larger improvement found for Pattern
a.) and Pattern b.). The confidence of the improvement values for Pattern b.) and c.) were
significantly worse.
t =
X1 −X2
Sx1x2 ∗
√
2
n
(4.2)
The t in the equation is the t-value from which the confidence can be found, X1 is the
mean value of variableX1,X2 is the mean value of variableX2, n is the number of samples
considered, and Sx1x2 is the pooled standard deviation. The equation for pooled standard
deviation is shown below.
Sx1x2 =
√
S2x1 + S
2
x2
2
(4.3)
These results are not complete enough to make a solid conclusion that all combinations
could be used to improve feedback qualities, but these results are positive indicators of the
hypothesis. Future work could focus on testing it more intensely with more subjects and
considering more locations. The four locations selected were based on trying to allow range
of motion in the middle finger, pointer finger, and thumb. Obviously there are many more
combinations that were not considered for the sake of time. Also, another consideration for
the future would be the possibility of using three tactile devices or more in combination.
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Table 4.4: Confidence values associated with the likelihood that combination ratings were greater
then individual device ratings for all four patterns.
Pattern a.)
Variable Mean Standard Deviation Pooled Standard Deviation n t Confidence
Combo X1 4.00 0.45
0.64 11 2.507 98.95%
DR5 X2 3.32 0.78
Combo X1 4.00 0.45
0.57 11 2.448 98.81%
DR4 X2 3.41 0.66
Pattern b.)
Variable Mean Standard Deviation Pooled Standard Deviation n t Confidence
Combo X1 3.80 0.75
0.80 11 2.356 98.56%
MCR5 X2 3.00 0.84
Combo X1 3.80 0.75
0.95 11 2.0953 97.55%
MCR6 X2 2.95 1.11
Pattern c.)
Variable Mean Standard Deviation Pooled Standard Deviation n t Confidence
Combo X1 2.41 1.09
1.25 11 1.112 86.04%
MCR2 X2 1.82 1.38
Combo X1 2.41 1.09
1.05 11 0.508 69.14%
MCR1 X2 2.18 1.01
Pattern d.)
Variable Mean Standard Deviation Pooled Standard Deviation n t Confidence
Combo X1 3.64 1.05
0.92 11 0.579 71.54%
DR5 X2 3.41 0.77
Combo X1 3.64 1.05
1.02 11 0.838 79.40%
MCR6 X2 3.27 0.98
4.5 Experiment Three
In experiment three, the focus was to gauge the ability of subjects to identify patterns using
multiple tactile devices. The motivation behind this experiment was that by using patterns
of devices on various parts of a user’s hand more tactile feedback could be provided without
the need for complex precision tactile devices. For this experiment three tactile devices
were used to create seven different patterns (23 − 1 = 7). All the possible patterns using
three binary devices (with the exception of the “all off” case) are shown in Table 4.5.
The devices were labeled A, B, and C for easy reference for both this document and for
reference by the test subjects. The size of devices used for each finger were based on the
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results found in the first experiment; as can be seen in Table 4.2 all three devices were 4.0
mm in diameter based on the three fingers that were being considered.
Table 4.5: Table listing the 7 binary patterns that were tested in Experiment 3. These include all
possible combinations of three devices with the exception of the all non-inflated case. The letters
refer to the device placement, which is shown in Figure 4.7
Pattern Number Device On/Off Status Binary Descriptor
1 A¯B¯C 001
2 A¯BC¯ 010
3 A¯BC 011
4 AB¯C¯ 100
5 AB¯C 101
6 ABC¯ 110
7 ABC 111
4.5.1 Procedure
Experiment 3 was different from the previous two in that subjects were not asked to provide
quality ratings for devices or combinations of devices; rather the third experiment asked
subjects to identify patterns using three tactile devices. The devices were placed on the
second, third, and fourth finger, as can be seen in 4.7. The three devices were labeled A, B,
and C for easy reference. The pattern was reversed for subjects who were left handed, so
that the most significant bit was on the second finger.
Each subject went through three trials identifying the seven possible patterns. In each
trial the order patterns were presented changed. Subjects rested their fingers on the tactile
devices and went through a brief training period that also served to check the connection
between a specified air syringe and the placement of its tactile device. Once subjects were
familiarized with the devices and explained the patterns, they were asked to close their
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Figure 4.7: Figure to show the location of the three different devices used in Experiment 3. The
set-up is different for right and left handed individuals so that the devices would situate on the same
finger in both set-ups.
eyes to prevent them from identifying the pattern based on the syringe the tester used. The
subjects were asked to report the pattern either using the letter associated with the inflated
tactile device(s) or binary numbers. For example pattern 5 could be identified as either
‘AC’ or ‘101’ (for a right-handed subject). Once one trial was complete a short break
(approximately 30 seconds to 1 minute) was given before the start of the next trial. The
second and third trial proceeded in the same manner.
4.5.2 Results
The results of the third experiment were collected and tabulated. As can be seen in Table
4.6 each of the trial and pattern percent averages over all subjects were very close to 100%.
The overall average of all subjects over all trials was found to be 98.10%. It should be
noted that the only area with which the participants had slight trouble was pattern seven
(all three devices inflated). Two individuals did not identify pattern 7 in trial 1, but in trial
2 and trial 3 they did. This could be due to just a bad test or because not enough training
was done before hand.
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Table 4.6: Experiment Three Result Table: showing the near perfect results of the subjects over
three trials for each of the seven patterns.
Pattern Trial 1 Trial 2 Trial 3 Total Right % Right Total Average %
1 6 6 6 18 100.00%
98.41%
2 6 6 6 18 100.00%
3 6 6 6 18 100.00%
4 6 6 6 18 100.00%
5 6 6 6 18 100.00%
6 6 6 6 18 100.00%
7 4 6 6 16 88.89%
Total Right 40 42 42
% Right 95.24% 100.00% 100.00%
The confidence interval for the true mean of the data was calculated to give better un-
derstanding of the collected data’s accuracy. First the mean for all the percentages was
determined to be 98.41% across all 6 subjects. The 95% confidence interval formula used
and the accompanying explanation are shown below. It was found that the true mean of the
data was in the interval of {98.19%, 98.63%} with 95% confidence, based on the following
equation:
{X¯− s√
n
, X¯+
s√
n
} = {98.41%−0.0246√
126
, 98.41%+
0.0246√
126
} = {98.19%, 98.63%} (4.4)
where X¯ is the mean of the data and is equal to 98.41%, s represents the test stan-
dard deviation and was found to be 0.0246, and the n is the number of samples, in this
experiment was equal to 126.
In addition to the tabulated pattern accuracies, it should be mentioned that despite the
fact only three devices were being used and that these devices were placed on three of the
most sensitive areas of the hand (the fingertips), the reaction time of subjects was longer
than expected. One consideration might be that the devices were too close in proximity
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to be easily determined. If the devices had been more spread over the entire hand, despite
using less sensitive areas, the patterns might be more detectable and distinguishable. This
could be something to be considered in future work.
4.6 Automatic Test Set-up
Initially a test setup was considered to allow a computer program to control the air in
the tactile displays for the human perception experiments. The National Instruments Data
Acquisition(DAQ) System was programmed using the C# library provided by the manu-
facturer. An incomplete Graphical User Interface (GUI) was designed to learn how to use
the DAQ to control the pneumatics. The pneumatics providing the air for the tactile display
includes a 3-way digital solenoid and a 1-way analog solenoid that have 2 channels and 1
channel respectively. The air was to be provided by an air tank connected to the solenoids.
The program designed included a means to test each channel of the tactile display man-
ually, in order to check the setup. This was also going to be utilized to determine the
minimum and maximum pressures to inflate the tactile devices without damaging the de-
vices. The graphical interface of the program in manual test mode is shown in Figure 4.8.
The program provides two means of test. The two slide bars allow the user to select a
voltage to be provided to each channel and the radio buttons can be used to select a specific
level on either channel. The “Update” button is used to change the pressure being provided
to the tactile arrays.
After the basic functions of the DAQ programming were understood, it was determined
that for the minimal testing that was required for this work and the simplistic devices that
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Figure 4.8: The manual check tab of the haptic program allows the user to test the connection to the
DAQ device and to experience the tactile device under the different levels of pressure that will be
tested.
were being used, a test set-up would over-complicate the process, so the program was
not taken any further. However the ability to use a program to perform testing would be
essential for a robust testing experiment, and it could be used to see if the devices designed
here would be capable of providing distinguishable levels of pressure, as many other efforts
have tried.
4.7 Discussion of Final Results
In conclusion, the three human perception experiments performed showed initial positive
results for the use of simplistic binary devices to provide haptic feedback. In addition, the
experiments were aimed at providing initial data that the entire human hand can be used
for haptic feedback, instead of limiting it to the fingertips as many other works have done,
as well as showing positive data towards conveying tactile information through patterns
from multiple devices. The first experiment was aimed at determining what size device
was the best for each of the 13 areas of the hand that were being considered. These areas
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were chosen due to their involvement in grasping and exploration activities as identified
by Bergamasco [1]. As expected, the fingertips were identified as the most sensitive, for
the three sizes of devices being considered. Unexpected results included the fairly positive
response of the middle of the second and third fingers and two areas on the palm. In ex-
periment two, the goal was to get better quality feedback from less sensitive areas on the
hand through the combination of devices; the results showed that in some cases combina-
tions could improve quality. The combination did not improve the individual quality of the
devices, but instead it became more noticeable when feedback came from more than one
location on the subject’s hand. Only four combinations were tested, and not all combina-
tions showed large improvement in combination, but the noticeable improvement in some
areas make combination feedback something that could be considered more in the future.
The last experiment was the main focus of this work and aimed to determine if simplistic
devices could be used in combination to present patterns to a subject. Three devices were
placed on a subject’s fingertips and each subject was asked to identify seven different pat-
terns. The results were overwhelmingly positive with accuracy ratings near 100% for each
of the six participants. In addition, the feedback from subjects led to the future consider-
ation of reaction times, proximity spacing of the tactile devices on the subject’s hand, and
the possibility for more patterns (with the establishment of an upper limit).
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Chapter 5
Conclusions and Future Work
As this work was a minor first step toward a much larger goal, there are many investigations
that could spur from it. The initial goal for this project was to build a tactile feedback
system to provide a user haptic information through devices built into a glove interface.
This would allow the user to perform the motions for grasping and exploratory activities
while being provided tactile information through different areas on their hand. The end
application was intended to be a remote micro-scale grasping system, which is currently
a unique consideration in the field, but adds additional complications to the system. One
use for the micro-scale grasping system could be the integration into minimally invasive
surgical robots. The success of MIS robotic systems have had many positive results as
far as shorter recovery times and less pain for the patient. Yet, MIS have added a layer
of abstraction between the doctor and the patient. If haptic feedback can be integrated,
this could return some of the previously lost tactile information. In addition, a microscale
device could provide doctors with a the ability to investigate and diagnose a patient in ways
previous impossible. By examining the surface textures of the human body on a micro-
scale, new information could be available to the doctor to aid their work.
This work described a process for the design and building of simplistic binary tactile
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devices. In comparison with some of the other haptic devices being researched, the design-
to-build time for these devices is very reasonable. PDMS allows for the quick creation of
devices using a mold, and, due to their simplistic binary nature, it was not necessary to
use only perfect devices for testing. Out of the 6 bubbles on a single tactile array only 4
bubbles needed to be functional to be considered working. Obviously, the better quality
devices provided more reliable feedback. A future work could be the improvement of the
PDMS device process; while the process outlined here works, a better process could lead to
more robust, quality devices. The problems outlined in Chapter 3, how easily the devices
rip when being peeled off the mold, and the tendency for bubbles to bond to the base
layer of PDMS during the final bonding phase would be interesting challenges that need to
be overcome to create better quality devices and a higher yield per trial. In addition, the
method described to create an interface device is not ideal. A securely bonded block of
PDMS would be the superior interface due to the strong bond possible between two layers
of PDMS.
On a similar note, the overall concept for this project was to build tactile devices that
could be incorporated into a glove controller to be used for remote operations. Currently the
devices are being placed on glass slides in order to provide a background for the pneumatic
bubbles to place pressure against to apply feedback to the subject’s hand, but glass slides
do not lend themselves to being incorporated into a glove interface. One reason is that
glass slides would prohibit the movement that a glove controller generally allows, therefore
another method to incorporate PDMS devices into a glove could be a future undertaking.
One idea considered in the course of this work was to move the interface device to the back
64
of the tactile device in order for air to be provided from the bottom of the device which
would not restrict the placement of the device. As an alternative to the glass slide, robust
devices that could be attached to their locations using connections on the edge of the device
would be an possibility to incorporate the devices onto a glove.
Another of the larger hurdles on the tactile feedback end to accomplishing the overall
goal of a haptic feedback for a micro-scale environment is the conversion of micro-scale
forces into meaningful information a human can interpret and understand. Most of the tac-
tile device undertakings from other groups are focusing on providing one-to-one feedback
gathered from sensors placed in the remote environment. For example, UCLA’s da Vinci
robot collects force data from sensors attached to the surgical attachments and then tries
to match the force data using precision pneumatic tactile displays mounted on the controls
[16]. If this system is collecting tactile information from objects in a micro-scale environ-
ment, for example human tissue, the information might not be detectable to a human user
if presented on a one-to-one scale. Therefore an investigation of how the information could
be meaningfully provided would be an essential future consideration, especially examining
the fusion of haptic data to the user. Two methods that have been considered during the
extent of this work are the scaling of the tactile data to a range that would be perceivable
to a human user, or to attempt to use location patterns of devices to deliver different infor-
mation, without the need for precision feedback devices. This last idea was the motivation
behind the third experiment to determine if subjects could distinguish between different
patterns using tactile devices placed in various locations.
The beginnings of an automatic test system were described in Chapter 4. A National
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Instrument DAQ can be used to control an analog pressure solenoid through a C# interface.
After some initial work was done on the control program, it was determined that using an
automatic testing structure for the three small experiments was unnecessary when using
air syringes worked well enough. In the future completing the automatic control system
would be another step to a fully functional tactile feedback system. In addition, with an
automatic system the exact amount of air flowing into the tactile devices could be measured
and regulated, preventing devices from developing leaks due to excess air pressure. This
test system could also be used when attempting to work with larger, more detailed human
perception experiments that require more consistent air flow than can be provided with a
human controlled air syringe.
Lastly, the human perception testing performed in this work was minimal, experiments
aimed at initial testing of several new concepts. The positive results of these experiments
sparked several other unconsidered ideas about the presentation of tactile information that
could be considered further. A future contribution which could build on these efforts could
include robust human perception testing of pneumatic binary tactile devices. In this work
testing did not cover all possibilities nor was it performed on enough subjects to make solid
conclusions. An intense study using a large population of participants with a solid statistical
analysis could improve understanding of how the tactile device can influence an individual
perception. The results from the second experiment showed a good indication that by
combining devices in non-ideal locations on a user’s hand, the quality of feedback could be
improved when compared to those areas separately, yet it did not consider all combinations
of locations on the user’s hand. A more detailed experiment could be performed to see
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the limitation of this hypothesis and could also consider three or more devices used in
combination.
In addition, some of the commentary received during human perception testing led to
previously unconsidered ideas. For example, in the third experiment three tactile devices
were used on three of the most sensitive fingertips to test the ability of subjects to detect
patterns. As discussed, this simple experiment showed that individuals had a very strong
ability to determine the pattern. It was noted that participants found that the fourth fin-
ger (determined to be the least sensitive of the three fingertips being considered) was the
hardest to detect and prompted the user to double check their initial response. In addition,
participants noted that because of the close proximity of the devices physically, it required
more consideration, than if the devices were physically further apart on the user’s hand
(even if the area might not be as sensitive as the fingertips). A future consideration might
include investigating how proximity of tactile devices affects reaction time to a subject
while they are identifying patterns. Also, the limitation of a human to recognize a pattern
in a reasonable amount of time when using more than three devices could be examined;
for example, can a subject recognize a 5-device pattern from the 25 − 1 = 31 possible
combinations. If not, determining the upper limit could be beneficial.
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Appendix A
Table of Trials for PDMS Recipe
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